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Abstract 
Plasma-catalytic oxidation of ethyl acetate was conducted in a dielectric barrier discharge 
(DBD) reactor. The effect of novel nanofiber catalysts (nano-V5Ti and nano-TiO2) and cor-
responding bulk catalysts on the plasma-catalytic process was investigated and compared with 
using plasma alone. The combination of plasma and nano-V5Ti catalyst significantly showed 
the best plasma-catalytic oxidation performance. Catalyst characterization showed that 
nano-V5Ti possessed smaller crystalline size and higher relative concentration of surface ad-
sorbed oxygen (Oads) species compared to the bulk catalysts, which played a key role in the 
enhanced oxidation of ethyl acetate and its intermediates on the catalyst surfaces. Compared to 
the bulk catalysts, the formation of more reduced vanadium species (V4+) in the nano-V5Ti 
catalysts indicated the presence of more oxygen vacancies on the nano-V5Ti surface, which in 
turn improved the reducibility of nano-V5Ti and facilitated surface oxygen species activation 
in the plasma region and contributed to the plasma-catalytic oxidation reactions. 
Keywords: Plasma-catalysis; Non-thermal plasma; VOC oxidation; Vanadium oxide; Nano-
catalyst 
 
1. Introduction 
The emission of volatile organic compounds (VOCs) has received significant attention, 
especially in developing countries, due to the negative effects of VOCs on both environment 
and human health since VOCs are one of the major precursors for the formation of haze and 
smog 1. Ethyl acetate, one of the most stable VOC molecules, was employed as the model 
pollutant in this work, since it’s widely used as a solvent in various industrial processes 
including printing operation, nail polish removers and glues, etc.. Plasma-catalytic process has 
been regarded as a promising and cost-effective technology for the purification of low 
concentration gas pollutants in large volume gas streams. A wide range of chemically reactive 
species and energetic electrons can be generated by non-thermal plasmas even at room 
temperature. These reactive species and electrons are capable of breaking most chemical bonds 
or initiating chemical reactions with the pollutants, which consequently benefit the further 
oxidation of organic fragments to final products such as CO2 and H2O 2. Bo et al. reported the 
oxidation of 91.4% ethyl acetate (1000 ppm) at the flow rate of 12 L·min-1 in a gliding arc 
reactor. However, the generation of over 5700 ppm NO2 limited further application of this 
technology in gas purification 3. Catalysts play a crucial role in determining the reaction 
performance. The presence of catalysts in the plasma process has great potential to generate a 
synergistic effect resulting from the interactions between the plasma and catalysts, which can 
significantly enhance the removal efficiency of pollutants and energy efficiency of the 
plasma-catalytic process. The combination of plasma with the catalysts can overcome the low 
selectivity of the plasma process and drive the reactions towards the desired direction of deep 
oxidation and minimize the formation of unwanted byproducts 4-6.  
Up until now, a series of rare earth catalysts have been developed for VOC oxidation 7-9. 
Tsoncheva et al. compared the effect of a series of cobalt oxides supported by different 
mesoporous silicas on ethyl acetate oxidation, while the Co/KIT-6 catalyst showed ~100% 
conversion rate around 600K 10. Gandhe et al. developed a highly efficient OMS-2 based 
catalyst for the oxidation of ethyl acetate with 100% conversion (625K) and selectivity to CO2 
(675K) 11. Among the potential catalysts, vanadium-based catalysts have been intensively 
investigated in thermal-catalytic oxidation of various pollutants including hydrocarbons 12, 
aromatics 13-14, organic sulfide 15-16 and dioxins 17-18 due to their comparative activity, relative 
low cost and good resistance to poisonings compared to noble metal catalysts 19. However, 
very limited efforts have been devoted to the investigation of plasma-catalytic oxidation of gas 
pollutants using these catalysts 20-23. In our previous study, we also found that the combination 
of a dielectric barrier discharge (DBD) plasma with V-W/Ti catalysts enhanced the removal of 
dimethyl sulfide and energy efficiency of the plasma-catalytic process 24. However, the 
performance of the bulk vanadia-based catalysts still needed to be improved to make the 
plasma-catalytic oxidation process more attractive. In addition, the knowledge of 
vanadia-based catalysts for the plasma-catalytic oxidation of VOCs is rather limited, while the 
synergy from the combination of non-thermal plasma with these catalysts is not clear, 
especially when a catalyst is placed in the plasma discharge.  
Recently, nanomaterials have shown great potentials in heterogeneous catalysis for gas 
clean-up with outstanding catalytic properties compared to bulk catalysts considering their 
unique physical and chemical properties including the particle size, morphology and surface 
area, etc. 25-27. Yu et al. reported that the removal efficiency and destruction efficiency of 
PCDD/Fs reached 96.7% and 75.0% at a reaction temperature of 200 °C when using a 5 wt.% 
V2O5/nano-TiO2 catalyst, while the values were decreased to only 92.6% and 46.7% for a bulk 
5 w.t.% V2O5/TiO2 catalyst 18. Bianchi et al. compared the activity of micro and nano-sized 
TiO2 catalysts on photocatalytic degradation of gaseous acetone and found that the total 
oxidation of acetone was achieved in 70 min using the nano-sized TiO2 catalyst while it took 
much longer (90 min) to obtain the total oxidation of acetone over the micro-sized TiO2 
catalyst 28. More recently, Mok et al. reported that the shape of ZnO nanomaterials had 
significant effect on plasma-catalytic oxidation of butane, while the ZnO nanowire coated 
catalyst showed better removal efficiency and carbon balance compared to ZnO nanoparticle 
and nanorod 29. However, to the best of our knowledge, there is very limited work focused on 
the combination of plasma with nano-catalysts for the removal of gas pollutants in 
plasma-catalytic processes 30-31. In a plasma-catalytic system using nanomaterials as catalyst, 
the generation of discharge streamer, the mass transfer process and interactions between 
catalytic active sites and chemically reactive species/radicals could be quite different from 
those using bulk catalysts. The underlying mechanisms in plasma-nanomaterial system were 
still far from clear 32-33. 
In this work, novel V2O5/TiO2 nanofiber and pure TiO2 nanofiber catalysts were 
synthesized using a combined electrospinning and hydrothermal method. The effect of 
nanofiber catalysts (V2O5/TiO2 and TiO2) and bulk catalysts on the plasma-catalytic oxidation 
of low concentration ethyl acetate was investigated in a coaxial DBD reactor. The roles of the 
nano-catalysts in the plasma-catalytic oxidation process were examined by using a wide range 
of analytic techniques such as N2 adsorption-desorption, X-ray diffraction (XRD), 
transmission and scanning electron microscopy (TEM and SEM), temperature programmed 
reduction with H2 (H2-TPR) and X-ray photoelectron spectroscopy (XPS). The possible 
reaction mechanisms involved in the plasma-catalytic oxidation process were also discussed. 
 
2. Experimental section 
2.1 Preparation of nanofibers 
The V2O5/TiO2 nanofiber catalysts were prepared by a combined electrospinning and 
hydrothermal methods involving the following two steps: (1) electrospinning of the precursor 
solution to obtain TiO2 nanofibers; (2) hydrothermal growth of V2O5 nanoparticles on TiO2 
nanofibers to obtain hierarchical V2O5/TiO2 nanofiber catalysts 34.  
Firstly, desired amounts of polyvinylpyrrolidone (PvP, Mw=1,300,000), acetic acid and 
ethanol were mixed and vigorously stirred for 1 h. Then weighted amount of tetrabutyl titanate 
was added to the mixture and stirred overnight at room temperature to obtain viscous gel. The 
gel was electrospun at an applied voltage of 15 kV, while the injection speed and rotating speed 
of the collector were kept at 1 ml h-1 and 50 rpm, respectively. The prepared samples were 
calcined at 500 °C for 5 h in a muffle to get the TiO2 nanofibers (nano-TiO2).  
The growth of V2O5 nanoparticles on the TiO2 nanofibers were carried out using the 
hydrothermal method. Appropriate amount of vanadium (III) acetylacetonate and urea were 
dissolved and mixed in deionized water. Consequently, weighted hexadecyl trimethyl 
ammonium bromide (CTAB) and 0.5 ml polyethylene glycol (PEG, Mw=400) were added 
dropwisely into the mixed solution under vigorous stirring. Then, the samples were 
impregnated on the TiO2 nanofibers in a Teflon autoclave. The hydrothermal temperature was 
kept at 120 °C for 24 h to get the white film. The film was repeatedly washed with an 
ethanol-water mixture and dried under vacuum at 50 °C overnight. Finally, the samples were 
calcined at 400 °C for 5h and sieved to 35-60 meshes. In this work, the loading amount of V2O5 
on TiO2 nanofibers were 5 wt.% (denoted as nano-V5Ti). Bulk V2O5/TiO2 (denoted as 
bulk-V5Ti) with the same vanadium loading (5 wt.%) and pure TiO2 catalysts were prepared 
using conventional impregnation method for comparison. 
 
2.2 Catalyst characterization 
The morphology of catalyst samples was observed with thermal field-emission scanning 
electron microscopy (FE-SEM) with a SIRION-100 microscope. High-resolution transmission 
electron microscopy (HRTEM) was conducted on a Tecnai F20 microscope operating at an 
acceleration voltage of 200 kV. 
N2 adsorption-desorption experiments were carried out using a Quantachrome Autosorb-1 
instrument at -196 °C to obtain the structural properties of the V2O5/TiO2 and TiO2 catalysts 
including the specific surface area, average pore size and pore volume.  
The X-ray diffraction (XRD) patterns of the catalysts were recorded by a Rikagu 
D/max-2000 X-ray system equipped with a Cu-Ka radiation source. The scan range was from 
10° to 80° with a scanning step size of 0.02°.  
X-ray photoelectron spectroscopy (XPS) spectra were performed with a Thermo 
ESCALAB 250 using Al Kα X-ray (hν = 1486.6 eV) at a constant pass energy of 1486.6 eV as 
the radiation source. The binding energies of V 2p, Ti 2p and O 1s were calibrated with the C 1s 
binding energy (B. E.) value of 284.6 eV.  
The reducibility of the catalysts was determined by temperature-programmed reduction 
with hydrogen (H2-TPR) using a chemisorption analyzer (Micrometrics, Autochem II 2920). 
Each catalyst (30 mg) was pretreated in a nitrogen flow for 1 h at 200 °C before the test. The 
catalyst samples were consequently heated from room temperature to 800 °C at a heating rate 
of 10 °C min-1 in a 10% H2/Ar flow with a total flow rate of 40 ml min-1. 
 
2.3 Experimental setup 
The experiment setup of the plasma-catalytic system (Figure 1) was described in detail 
elsewhere 35. A 60 mm-long aluminum foil was wrapped tightly around a quartz tube (i.d.=8 
mm, o.d.=10 mm) as a ground electrode. A stainless-steel rod (ϕ = 4 mm) was placed in the axis 
of the quartz tube and acted as a high voltage electrode. Gaseous ethyl acetate was generated 
from a gas cylinder (0.1% ethyl acetate, balanced air), while zero grade air was used as a carrier 
gas in this work. All gas streams were premixed before introduced into the DBD reactor. In this 
work, the inlet concentration of ethyl acetate was 100 ppm and the total flow rate was fixed at 1 
L min-1. For each experiment, 200 mg catalysts were packed into the discharge area and held 
by quartz wool, resulted in a gas hourly space velocity (GHSV) of 300000 mL g-1 h-1. The 
temperature of the outer surface of the DBD reactor was measured below 85 °C. 
 
Figure 1. Schematic diagram of experimental setup. 
The DBD reactor was connected to a high voltage power supply (CTP-2000, Suman) with 
a maximum peak voltage of 30 kV. The discharge frequency was fixed at 10 kHz in this study. 
The applied voltage was measured by a 1000:1 voltage probe (Tektronix P6015A), while the 
voltage over the external capacitor (0.47 µF) was monitored by a passive probe (Tektronix 
TPP0500). All the electrical signals were recorded using a digital oscilloscope (Tektronix 
4034B). The discharge power was calculated based on the Q-U Lissajous method. The specific 
energy density (SED) was defined as: 
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where P is the discharge power and Q is the total flow rate. 
Gas compositions were measured online using a calibrated multi-component gas analyzer 
(Gasmet Dx4000, Finland). The instrument was equipped with a 0.4 L gas cell with an 
effective path length of 5 m. All the measurements were carried out after running the 
plasma-catalytic reaction for 45 min when a steady-state of the process was reached and 
repeated 3 times. The removal efficiency ( ethyl acetateh ), CO2 selectivity and carbon balance of 
plasma-catalytic oxidation of ethyl acetate was defined as: 
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where inc  and outc  are the inlet and outlet concentrations of ethyl acetate, respectively.  coc  and 
2co
c  are CO and CO2 concentrations in the effluent, respectively. 
 
3. Results and Discussions 
3.1 Characterization of nanofiber catalysts 
Figure 2 shows the SEM images of the as-prepared nanofiber and bulk catalyst samples. 
The nano-V5Ti and nano-TiO2 catalysts had well-defined one-dimensional morphology and the 
nanofibers intertwine to form compact networks, as shown in Figure 2(a) and (b). The average 
diameter of pure nano-TiO2 fibers was around 550 nm, while the doping of vanadium species 
on nano-TiO2 fibers slightly increased the average diameter of the nanofibers to ca. 590 nm. 
The micro-morphology of all the catalysts was further analyzed by HRTEM (Figure 3), while 
the inner-planar spacing of the samples was also presented. The lattice fringes for both 
nano-TiO2 and bulk-TiO2 were 3.52 Å, indicating the presence of the (101) crystal face of 
anatase TiO2 (JCPDS 21-1272). The lattice fringes of 3.52 Å and 3.49 Å showed up in the 
nano-V5Ti and bulk-V5Ti catalysts. The latter one corresponded to the (111) crystal face of 
monoclinic V2O5 (JCPDS 54-0513). These results confirmed the existence of vanadium species 
on the TiO2 nanofiber support.  
The isotherms of the N2 adsorption-desorption for the nanofiber catalysts were of type IV, 
which corresponded to the capillary condensation of the adsorbents inside the mesopores of the 
nanofibers. Type H3 hysteresis loops were also observed in the nanofiber catalysts, indicating 
the existence of open slit-shaped pores with parallel walls as classified by IUPAC 36. Table 1 
gives the specific surface area (SBET) and average pore volume of the catalysts. The SBET of the 
nano-TiO2 and bulk-TiO2 samples were 42.2 m2 g-1 and 48.0 m2 g-1, respectively. The addition 
of vanadium species onto nano-TiO2 fibers significantly reduced the SBET of the nano-TiO2 to 
14.9 m2 g-1 for the nano-V5Ti catalyst. In contrast, for the bulk catalysts, vanadium doping only 
slightly decreased the SBET of the bulk V5Ti catalyst to 41.5 m2 g-1 compared to that of the 
bulk-TiO2. Similar observation was found in the average pore volume of the catalysts, which 
was reduced by 64.2% for the nanocatalysts and 5.4% for the bulk catalyst after vanadium 
doping. This phenomenon could be ascribed to the blockage of micro-pores of the catalyst 
supports and the coverage of catalyst surfaces by vanadium species 37.  
 
 
Figure 2. SEM images of the catalysts: (a) nano-V5Ti, (b) nano-TiO2,  
(c) bulk-V5Ti, (d) bulk-TiO2. 
 
Figure 3. HRTEM images of the catalysts: (a) nano-V5Ti, (b) nano-TiO2, 
 (c) bulk-V5Ti, (d) bulk-TiO2. 
 
In Figure 4, the XRD patterns of all the catalysts showed major diffraction peaks centered 
at 2θ= 25.3°, 37.8°, 48.0°, 53.9° and 55.1°, which were well associated with the crystal faces of 
(101), (004), (200), (105) and (211) of the tetragonal anatase TiO2 (JCPDS 21-1272). In 
addition, the presences of weak diffraction peaks of rutile TiO2 at 2θ=27.4° in all samples 
corresponds to the (110) crystal face. No significant changes in the crystalline structure of the 
catalysts were observed when doping 5 wt.% vanadium species on TiO2. The diffraction peaks 
of all V5Ti catalysts were broader compared to those of pure TiO2 supports, which is in 
accordance with the crystalline sizes calculated using the Scherrer’s equation (Table 1). 
Moreover, the crystalline size of the nanofiber catalysts was about 30% smaller compared to 
that of the bulk catalysts, i.e. 14.88 nm for nano-V5Ti and 20.73 nm for bulk-V5Ti, 
respectively. 
Table 1. Physico-chemical properties of the catalysts. 
Sample SBET (m2 g-1) 
Average 
pore 
 volume 
(cm3 g-1) 
Crystalli
ne size 
(nm)a 
V4+/ 
(V4++V5+) 
(%) 
Oads/ 
(Oads+Olat) 
 (%) 
Nano-V5Ti 14.9 0.05 14.88 30.3 15.4 
Nano-TiO2 42.2 0.14 15.45 n.a. 13.3 
Bulk-V5Ti 41.5 0.35 20.73 22.8 13.6 
Bulk-TiO2 48.0 0.37 22.34 n.a. 10.5 
a Calculated from the (101) crystal face of anatase TiO2 at 2θ =25.3°. 
 
Figure 4. XRD patterns of the catalysts. 
XPS analysis was used to get insights of the chemical states of the elements in the 
catalysts. Figure 5(a) shows the XPS spectra of O 1s for all four catalysts. Two major peaks 
can be obtained by fitting the curves. The peaks located at 529.6-530.0 eV can be attributed to 
the formation of lattice oxygen (O2-) (denoted as Olat) on the catalyst surface, while those peaks 
located between 531.4 eV and 532.1 eV could be ascribed to the production of 
surface-adsorbed oxygen (denoted as Oads). The relative concentration of Oads, for each catalyst, 
defined as Oads/(Oads+Olat), was calculated based on the XPS spectra (Table 1). The value of 
Oads/(Oads+Olat) of all the catalysts varied from 10.5% to 15.4%, while the nano-V5Ti catalyst 
had the highest relative concentration of Oads. 
 
 
Figure 5. XPS spectra of the V5Ti catalysts: (a) O 1s, (b) V 2p. 
 
Figure 5(b) shows the XPS results of V 2p of the nano-V5Ti and bulk-V5Ti catalysts. For 
both samples, the XPS profiles of V 2p show two major peaks at around 524 eV and 517 eV, 
which belong to V 2p1/2 and V 2p3/2, respectively. The asymmetric spectra of V 2p3/2 indicate 
the existence of two types of vanadium species on the surface of the V5Ti catalysts. The 
deconvolution of the V 2p3/2 for the V5Ti catalysts exhibits two peaks centered at 517.2 eV and 
516.3 eV. The former peak can be identified as V5+, while the latter one belongs to V4+. The 
relative concentration of V4+, defined as V4+/(V4++V5+), was 30.3% for the nano-V5Ti catalyst 
and 22.8% for the bulk-V5Ti catalyst.  
H2-TPR experiment was carried out to evaluate the reducibility of both bulk and 
nano-sized V5Ti catalysts (Figure 6). The results of pure TiO2 samples were not presented 
since only very weak signals were observed around the reduction temperature of 640 °C and 
650 °C for the nano-TiO2 and bulk-TiO2 catalysts, respectively. Similar observation was 
reported by Liu 38. Two major reduction peaks could be observed in the reduction profile of 
both V5Ti catalysts. The first peak could be attributed to the reduction of V5+ to V4+, while the 
second one was related to the conversion of Ti4+ to Ti3+. Compared to the bulk-V5Ti catalyst, 
the first reduction peak of the V5Ti nanofiber catalyst shifted from 406 °C to 359 °C, while the 
second reduction peak of the V5Ti nanofiber catalyst slightly moved from 601 °C to 589 °C 39. 
 
Figure 6. H2-TPR profiles of the V5Ti catalysts. 
 3.2 Performance of plasma-catalysis 
Figure 7 shows the effect of different catalysts on the plasma-catalytic oxidation of ethyl 
acetate in terms of the removal efficiency as a function of SED. Clearly, the removal efficiency 
of ethyl acetate increased almost monotonically with increasing the SED, regardless of the 
presence of catalysts or the catalyst type. For example, in the case of using plasma alone, the 
ethyl acetate removal efficiency increases from 10.6% to 51.5% over the SED range of 304.8 
J·L-1 to 604.8 J·L-1. Similarly, in the plasma-catalysis system, increasing the SED from 302.4 
J·L-1 to 596.4 J·L-1 significantly enhanced the removal efficiency of ethyl acetate by a factor of 
~6 (from 10.9% to 65.8%) in the plasma reaction combined with the bulk-TiO2 catalyst. 
Similarly, the removal efficiency of ethyl acetate increased from 10.2% to 80.7% with the 
increase of the SED from 279.6 J·L-1 to 573.6 J·L-1 when the nano-TiO2 catalyst was placed in 
the plasma reactor. The removal efficiency of ethyl acetate in the plasma-catalytic process at 
the same SED follows the order of nano-V5Ti＞ bulk-V5Ti＞nano-TiO2＞bulk-TiO2, while the 
highest removal efficiency of 99.0% was obtained at a SED of 579.6 J·L-1 using the nano-V5Ti 
catalyst. The effects of different catalysts on carbon balance and CO2 selectivity in the 
plasma-catalytic oxidation of ethyl acetate are presented in Figure 8. The variation of the 
carbon balance and CO2 selectivity as a function of SED followed the similar trends as the 
removal efficiency of ethyl acetate. The carbon balance and CO2 selectivity increase from 
74.9% to 87.4% and 36.2% to 45.1% in the SED range of 304.8 J·L-1 to 604.8 J·L-1. The 
presence of heterogeneous catalysts significantly improve the carbon balance and CO2 
selectivity of the plasma-catalytic oxidation process for ethyl acetate oxidation. Among the 
employed catalysts, the bulk-TiO2 catalyst showed the lowest carbon balance of 78.1% to 
98.0% and CO2 selectivity of 37.6% to 50.4% in the tested SED range followed by the 
nano-TiO2, bulk-V5Ti and nano-V5Ti catalysts. The highest carbon balance of 99.3% and CO2 
selectivity of 55.6% were achieved in the presence of the nano-V5Ti catalyst at the SED of 
579.6 J·L-1. It is worth noting that the combination of the plasma with these nanofiber catalysts 
showed enhanced process performance compared to that using bulk catalysts under the same 
operating conditions, whilst the performance of plasma oxidation process using the vanadium 
doped catalysts was much higher than that using pure TiO2 catalysts. 
 
Figure 7. Effect of catalysts on plasma-catalytic oxidation of ethyl acetate. 
 
Figure 8. Effect of catalysts on carbon balance and CO2 selectivity of plasma-catalytic oxi-
dation of ethyl acetate. 
3.3 Discussions 
It is well accepted that air discharge generated by a coaxial DBD consists of numerous 
micro-discharge filaments which are randomly distributed in the discharge. More 
micro-discharge filaments are expected to be generated near the contact regions between the 
catalyst pellets and the pellet-wall due to the intensified electric fields. These filaments are 
initiated by gas breakdowns and then become streamers propagating in the void or over the 
catalyst surface between the electrode and dielectric material 40. Energetic electrons generated 
in the filaments are regarded as a driving force to initiate plasma chemical reactions. In this 
work, the energetic electrons collide with carrier gas (i.e. air) and ethyl acetate, generating 
numerous chemically reactive radicals including O, O(1D), N and metastable N2, as well as the 
intermediates (organic fragments) from ethyl acetate. It is widely recognized that the C=O 
bond in VOC molecules is much stable compared to the C-O, C-H and C-C bonds 41. 
Theoretically, the rupture of C-O, C-H and C-C chemical bonds were likely to occur by the 
direct bombard of energetic electrons considering their number densities and bond energies 
since the electron energy of the plasma was usually in the range of 1-10 eV. Previous studies of 
reaction kinetics in plug flow reactors reported the dissociations of C-O bonds were favoured 
over the cleverages of C-H and C-C bonds in ester molecules, while the oxidation of the C-H 
and C-C bonds cannot be ignored 42-43. Similarly, once operated in air plasma region, ethyl 
acetate molecules would undergo a series of plasma-chemical reactions with the aid of highly 
chemically reactive species. The rupture of C-O bonds would generate CH3CO· and 
CH3CH2O· radicals. There two radicals could be impacted by energetic electrons and reactive 
radicals (O and N radicals with sufficient energy) to small fragments including CH3·, CH2O·, 
CH3CH2· and CO, etc., while further oxidation of these species by O and OH· towards 
CH3COOH and CH3CH3OH could also be expected. The small fragments could also be 
generated from the rupture of C-H and C-C bonds. Further H-abstraction occurs to generate 
CHx· (x=1 and 2) radicals. All the aforementioned small fragments and radicals could be 
further oxidized and converted into the final products such as  CO, CO2 and H2O 44, while part 
of them would contribute to the formation of unwanted organic by-products 45, such as 
CH3CH2OH, CH3OH, CH4, HCOOH and HCHO in this work. In addition, no nitrogen 
monoxide (NO) was measured under all the experimental conditions, while NO2 and N2O were 
also detected. 
Increasing the SED by changing the discharge power in a DBD reactor resulted in the 
increasing in the number of filaments in each discharge period 46, which was beneficial for the 
oxidation of ethyl acetate and its intermediates as more reaction channels were provided for the 
removal of ethyl acetate. As a consequence, the oxidation efficiency of ethyl acetate increases 
with increasing the SED. 
In this single-stage plasma-catalytic process where the catalysts were placed in the 
discharge region and directly interacted with the plasma, besides the aforementioned gas phase 
reactions, plasma-assisted surface reactions in the catalyst bed also played a crucial role in 
determining the performance of the plasma-catalytic oxidation process as ethyl acetate, its 
intermediates and highly reactive species can be generated near the catalyst surface and 
participate surface reactions 47. We have shown that the properties of the catalysts stheace 
adsorption sites for the aforementioned species. Generally, the number density of adsorption 
sites on a specific catalyst was in correlations with the SBET of the catalyst. As shown in Table 
1, the SBET and average pore diameter of the nanofiber catalysts were much smaller compared 
to those of the bulk catalysts due to the plugging of the micro-pores of the nanofiber catalysts, 
especially for the nano-V5Ti catalysts. Interestingly, the combination of the plasma with these 
nanofiber catalysts showed enhanced oxidation performance compared to the bulk catalysts. 
These results indicate the specific surface area and pore volume of the catalysts might not be 
the decisive factor affecting the reaction performance of the plasma-catalytic process. As 
confirmed by the XRD results, all the investigated catalysts showed the typical diffraction 
patterns of anatase TiO2 together with weak diffraction peaks of rutile TiO2. The crystalline 
size of these catalysts has strong links with the removal efficiency of ethyl acetate, carbon 
balance and CO2 selectivity of the plasma-catalytic reaction. Previous studies found that 
smaller crystalline size of a catalyst benefited the exposure of active sites on the catalyst 
surface, which in turn enhanced the reaction performance in VOC oxidation and NH3-SCR of 
NO 48-49. Tang et al. also reported smaller crystalline size could generate more surface defects 
and oxygen vacancies on the surface of Mn-Co catalysts, which were active for catalytic 
oxidation of VOC molecules 50. 
The redox properties of the catalysts also played an important role in the plasma-catalytic 
oxidation reactions 51. Previous studies reported the replacement of V5+ species into the lattice 
of TiO2 over a series of V-Ti catalysts with the vanadium loading from 1% to 5% 52. 
Considering the ion radius and valences of V5+ and Ti4+, the formation of oxygen vacancies on 
the catalyst surface is expected at the interface of the vanadium and titanium species to 
maintain the electroneutrality. Oxygen vacancies act as the adsorption-desorption centers for 
the gas phase oxygen species and O radicals in catalytic oxidation of VOCs 53. In this study, the 
presence of V4+ on the surface of V5Ti catalysts indicates the formation of oxygen vacancies. 
The relative concentration V4+/(V4++V5+) in the nano-V5Ti catalyst reached 30.3%, which was 
32.9% higher than that of the bulk-V5Ti catalyst. The abundant oxygen vacancies on the 
nano-V5Ti catalyst could contribute to the enhancement of surface reactions for the oxidation 
of adsorbed ethyl acetate and its intermediates to final products of CO, CO2 and H2O. Previous 
studies of catalytic oxidation of formaldehyde showed that the formation of major byproducts, 
methyl formate, could be significantly inhibited over the nano-sized vanadium catalysts 
compared to the bulk samples 26, 54, while similar phenomena were observed in the catalytic 
oxidation of VOCs over vanadium-based nano-catalysts 34, 55. 
 Moreover, the V-O and Ti-O bonds could be prolonged and weakened in the V5Ti 
catalysts considering the different ion radius of V5+ and Ti4+ 56. The presence of redox pairs of 
V5+/V4+ and Ti4+/Ti3+ on the surface of the V5Ti catalysts could accelerate the oxidation of 
ethyl acetate through the enhanced electron transfer. This phenomenon could enhance the 
mobility of oxygen species and the generation of reactive oxygen species on the catalyst 
surface 57. It is well established that Oads was highly reactive in oxidation reactions due to its 
higher mobility compared to Olat. The XPS spectra of O 1s showed the value of Oads/(Oads+Olat) 
follows the sequence of nano-V5Ti (15.4%) > bulk-V5Ti (13.6%) > nano-TiO2 (13.3%) > 
bulk-TiO2 (10.5%). Higher relative concentration of Oads on the surface of the nano-V5Ti 
catalyst indicated that more oxygen species could be easily activated and participated in the 
plasma-catalytic oxidation of ethyl acetate with the help of surface reactions 58. A good 
agreement between the reaction performance and the relative concentration of Oads was 
observed in this work. The H2-TPR profile of the catalysts showed that the reduction 
temperature of vanadium oxides significantly shifted to 359 °C in the nano-V5Ti catalyst 
compared to that of the bulk-V5Ti catalyst. This phenomenon was in line with the results of the 
XPS spectra of O 1s. Lower reduction temperature of the nano-V5Ti catalyst indicated that the 
oxygen species on the surface of the nano-V5Ti catalyst were much easier to be activated in the 
catalytic oxidation of ethyl acetate, which in turn enhances the surface oxidation of ethyl 
acetate, its intermediates and by-products in this work 51.  
In addition, it is interesting to note that although the bulk-V5Ti catalyst exhibited higher 
reducibility compared to the nano-TiO2 catalyst, the reaction performance of these two 
catalysts were quite similar in terms of the removal efficiency, carbon balance and CO2 
selectivity. This might be attributed to the morphology and porosity of the catalysts. The SEM 
images showed a more compact structure of the bulk type catalysts, while the nanofibers 
interweaved into a porous network. Holzer et al. found that short-lived oxidizing species can be 
generated in the intra-particle volume of the catalysts 58, which could participate in the surface 
reactions in the presence of the catalysts. Guaitella et al. also reported the improved C2H2 
oxidation in a plasma process combining Si-Ti catalysts with higher porosity 59. They found 
that the porous structure could facilitate the diffusion of the reactive oxygen species inside the 
catalyst layer and enhance the oxidation of the adsorbed pollutants and intermediates, which 
can be confirmed by the reduced formation of by-products using the coupling of the plasma 
with nanocatalysts.  
 
4. Conclusions 
In this work, the plasma-catalytic oxidation of ethyl acetate over V2O5/TiO2 and TiO2 
catalysts was carried out in a coaxial DBD plasma reactor. The influence of nanofiber catalysts 
and bulk catalysts on the removal efficiency of ethyl acetate and CO2 selectivity was compared 
and investigated with the case of using plasma alone. Significant enhancement in reaction 
performance of the plasma-catalytic oxidation process was observed when the using the 
V2O5/TiO2 and TiO2 nanofiber catalysts compared to the bulk catalysts, while the reaction 
performance followed the sequence of nano-V5Ti > bulk V5Ti > nano-TiO2 > bulk TiO2. The 
highest removal efficiency (96%) of ethyl acetate, carbon balance (99.3%) and CO2 selectivity 
(55.6%) were achieved at the SED of 579.6 J·L-1 in the plasma-catalytic oxidation over the 
V2O5/TiO2 nanofiber catalyst. A wide range of catalyst characterization techniques were used 
to understand the effect of catalyst properties on the reaction performance of the 
plasma-catalytic oxidation process. The morphology and structure of the nanofiber catalysts 
were confirmed using SEM, TEM and XRD, showing the V2O5/TiO2 nanofiber catalysts had 
smaller crystalline size compared to the bulk catalysts. The V2O5/TiO2 nanofiber catalysts also 
showed much higher relative concentration of surface adsorbed oxygen (Oads) species 
compared to the corresponding bulk catalysts, which play a key role in the oxidation of ethyl 
acetate and its intermediates on the catalyst surface. The formation of more reduced vanadium 
species (V4+) in the nano-V5Ti catalysts compared to the bulk-V5Ti catalysts indicated the 
formation of more oxygen vacancies on the surface of the nano-V5Ti catalysts, which is in line 
with the results of Oads. The reducibility of the V2O5/TiO2 nanofiber catalysts was also 
improved considering the lower reduction temperature of the nano-V5Ti catalysts compared to 
the bulk-V5Ti catalysts, which suggested the facility of activations of surface oxygen species in 
the plasma region and contributed to the plasma-catalytic oxidation reactions. 
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